Chlorella autotrophica (Clone 580) grows over the external salinity range of I to 400% artificial sea water (ASW), can photosynthesize over the range from I to 600% ASW, and survives the complete evaporation of seawater. The alga grown at high salinities shows an increase in cell volume and a small decrease in cell water content. Measurements of ion content were made by neutron activation analysis on cells washed in isoosmotic sorbitol solutions which contained a few millimolar of major ions to prevent ion leakage. Cells grown at various ASW concentrations contain large quantities of sodium, potassium, and chloride ions. Measurements of cations associated with cell wall and intracellular macromolecules were made to determine intracellular concentration of free ions. The proline content of cells increases in response to increases in external
content were made by neutron activation analysis on cells washed in isoosmotic sorbitol solutions which contained a few millimolar of major ions to prevent ion leakage. Cells grown at various ASW concentrations contain large quantities of sodium, potassium, and chloride ions. Measurements of cations associated with cell wall and intracellular macromolecules were made to determine intracellular concentration of free ions. The proline content of cells increases in response to increases in external salinity. Cells in 300% ASW contain 1500 to 1600 millimolar proline.
Algae living in marine environments such as estuaries, tide pools, and brackish water ponds can tolerate a wide range of external salinities (6, 14, 15) . At least some of these euryhaline algae possess a proper cell wall, thus, so far as the solute and water relations are concerned, they should respond to salinity in a manner similar to cells of higher plant halophytes.
One of the consequences of having a rigid cell wall is that the cell's capacity to alter the intracellular water volume is rather limited. This means that for such a cell osmoregulation is perhaps the only effective means of adjusting to a changing external salinity.
Osmoregulation in angiosperm halophytes has received considerable attention over the past 10 years, and the role of both inorganic ions and organic solutes is now well documented for a wide variety of these species (1-3, 9, 27, 28, 30) . The general pattern which emerges from such studies is that in the leaf tissue of vascular halophytes the uptake and accumulation of sodium and chloride usually accounts for 50 to 80% of the external salt concentration, and the remainder ofthe cellular osmotic balance is achieved by the synthesis of low mol wt organic solutes (see 27) .
There is very little reliable information on the osmoregulatory mechanisms in walled species of microalgae. In view of the documented salt sensitivity of isolated enzymes (8, 9, 28) , inorganic ions are not considered to play a major osmoregulatory role in slightly vacuolated microalgae. The data presented by Kirst (19) and Setter and Greenway (24) suggest that the growth of microalgae at high salinities occurs with almost complete exclusion of sodium and chloride from the cells. Consequently, ' Supported by Grant A6032 from Natural Sciences and Engineering Research Council of Canada. these cells must osmoregulate primarily by the synthesis and accumulation oforganic solutes. This appears unlikely, however, as the levels of organic solutes which such algae accumulate at high salinities are relatively low compared to the external salt concentrations the cells are exposed to. For example, Stichococcus bacillaris contained 520 mm sorbitol and 278 mm proline when grown in 1234 mosm external salinity (7), Platymonas subcordiformis in 1600 mosm NaCI contained 500 mm mannitol (18) , and Chlorella emersonii in 675 mosm NaCl contained 190 mM proline and 50 mm sucrose (25) . Clearly, such cells must have accumulated some inorganic ions in addition to the organic solutes for osmotic balance to exist between the cells and the medium. In view ofthis apparent contradiction in the literature, there appears to be a justifiable need to reassess the role of inorganic ions in the osmoregulation of marine microalgae.
It can be argued that a complete exclusion of external salt would be energetically very expensive to maintain for an autotroph. Ion uptake and accumulation to a certain metabolically compatible level, on the other hand, could provide a complementary mechanism of osmoregulation to these algae. As with other eukaryotes, the cytoplasm of marine microalgae can tolerate the presence of a considerable amount of salt, as a significant metabolic disruption occurs only when the cytoplasmic salt concentration exceeds a relatively high level (see 9).
The present paper describes the growth and osmoregulation of a walled, marine euryhaline micro-alga, Chlorella autotrophica.
MATERIALS AND METHODS
Chlorella autotrophica Shihira and Krauss (clone 580 obtained from Dr. R. R. L. Guillard, Woods Hole Oceanographic Institute Woods Hole, MA; Culture Collections) was grown axenically in an ASW2 medium described previously (7, 14) . Culture conditions and cell counting were as described by Liu and Hellebust (20) .
Measurement of Cell Volume and Water Content. One to two L of exponentially grown culture at each salinity were harvested by centrifugation at 7000g for 5 min at 10 to 15C. Cells were resuspended to 5 ml in fresh isoosmotic ASW medium in a finely graduated centrifuge tube and centrifuged at 2000g for 5 min to determine the pellet volume. Then the cells were resuspended to 1 ml in isoosmotic ASW medium which contained 0.5 iCi3H2O ml-', and the pellet water content (3H20 space) was calculated from the dilution of 3H20 in the supernatant.
To determine extracellular space, a fresh cell pellet was prepared as described above, suspended to 1 ml in isoosmotic ASW which contained 0.5 ;Ci['4C]mannitol ml-', and then centrifuged immediately at 2000g for 5 min. The supernatant was discarded, the sides of the centrifuge tube were wiped dry, and Bicarbonate Photoassimilation. To determine the net rate of photoassimilation, four ml of culture growing exponentially at each salinity was incubated at 500 ft-c with 2.5 gCi of NaH'4CO3 for 20 min. Cells were harvested and assayed for 14C content as described previously (14) .
Extraction and Determination of Organic Solutes. One L of exponentially growing culture was harvested and washed in Nfree isoosmotic ASW by centrifugation. Cells were extracted in methanol:chloroform:water (12:5:3, v/v) as described previously method described by Bergmeyer (5) .
Uniform "C Labeling. Cells were grown for 96 h in ASW containing NaH 14C03 (1.25 gCi ml-' culture), and extracted with 80% aqueous ethanol. The extracts were analyzed for proline, amino acids, and soluble carbohydrates as described previously (14) . Inorganic Ions. One L of exponentially growing cultures was harvested by centrifugation. Cells were suspended to 1.5 ml in isoosmotic sorbitol solution that contained 2.5 mm NaCl, 1 mM KCI, 1 mm CaSO4, and 1 mM MgSO4, and rapidly centrifuged at 9000g for 30 s using a Beckman Microfuge B. This washing procedure was repeated twice in less than 5 min. The sides of the microcentrifuge tube were wiped dry with paper tissue, and the cells were suspended to 2.5 ml in ion-free isoosmotic sorbitol solution. Fifty-Ml fractions of the resulting cell suspension were transferred to each 25-x 1-mm ion free polyethylene tubing, dried at 70°C, and then sealed. Standard solutions of Na+, K+, Ca2,Mg2', and Cl-, each containing 1 ,umol ml-', were prepared, and 50-Al fractions were transferred to polyethylene tubing as described above.
Neutron Activation Analysis. The polyethylene vials were sealed in irradiation capsules and then irradiated in the low-flux SLOWPOKE-1 nuclear reactor at the University of Toronto. Long-lived radioisotopes of sodium, potassium, and magnesium were prepared by 16 h irradiation at a neutron flux of 2.5 x 10" neutronscm 2 s-', and the measurements of y-ray activities were made as described previously (16) . Short-lived radioisotopes of calcium and chloride were prepared by 5-min irradiation at a neutron flux of 1 x 1012 neutrons cm-2 s ', and y-ray activities were measured exactly after 1 min as described above.
Preparation of Cell Wall Fraction and Permeabilized Cells. Cells from 6 x 1 L of exponentially growing cultures were harvested by centrifugation and suspended to 8 ml in supernatant. The resulting cell suspension was divided into two homogenous fractions of 4 ml each. Cells collected from one such fraction were permeabilized by four cycles of freeze-thaw using liquid N2, and then suspended to 1.5 ml in H20.
Cells from the other 4-ml fraction were disrupted by two passages through a French Pressure Cell (American Instrument Co., Silver Spring, MD) at 0 to 5°C and a cell pressure of 7 KPa. Microscopic examination of the resulting suspension showed a complete breakage of cells. The disrupted suspension was centrifuged at 6000g for 5 min at 5°C, and the pellet was suspended to 1.5 ml in H2).
Dialyses. Figure 4a ; i,, = pressure potential (6Xrj Xt -0.10.
were separately sealed in short lengths of 12-mm wide dialyzer tubing (12,000 mol wt cut-off; Fisher Scientific), and dialyzed against deionized H20 for 12 h. Water in the 2 L dialyzer tank was changed at least four times during this period.
Extraction of Bound Cations. The content of the dialyzer tube was suspended to 4.5 ml in H20 to which 0.5 ml concentrated HNO3 was added, and left to stand overnight at room temperature. Then the suspension was centrifuged at 2000g for 10 min, and appropriate dilutions of the supernatant were analyzed for Na+, K+, Ca2+, and Mg2' content on a Perkin-Elmer atomic absorption spectrophotometer model 4000.
RESULTS
The growth of C. autotrophica was studied as a function of external salinities with 2 mM ammonium chloride or sodium nitrate as the nitrogen source in the culture medium. With either N source, cells growing exponentially divided most rapidly and showed maximum yield over the salinity range of 1 to 50% ASW (Fig. 1) . It is interesting to note from Figure 1 that over this salinity range the presence of ammonia in the culture medium supported a faster division rate and a higher cell yield than that of nitrate.
At salinities higher than that of 50% ASW the cell division rate and cell yield of both ammonia-and nitrate-grown cultures declined. At 400% ASW, the cells were still dividing, but at a rate too slow for accurate analysis. Cell division ceased completely above 400% ASW. Nonetheless, the cells of C. autotrophica were able to survive extremely high salt concentrations. When cells grown at 300% ASW were subjected to increasing salinity by evaporating the culture solution at room temperature, more than 80% of the cells remained green and viable in saturated seawater (Table I ). Such cells grew normally when the culture salinity was brought back from saturation to 300% ASW level.
Cells isolated from dried salt crystals started dividing after a lag period of less than 3 d.
At salinities higher than that of 100% ASW, the cell water content decreased with an increase in external salt concentration (Table II) . At 300% ASW, the water content of both ammoniaand nitrate-grown cells showed a decrease of about 15%.
The response of cell volume to external salinity was, however, different. There was an increase in cell size with increasing external salt concentration, and consequently the cells at 600% ASW were about twice as large as the cells at 10% ASW (Tables  I and II) .
The alga exhibited changes in photoassimilation rate with increases in external salt concentration (Fig. 2) which parallel its pattern ofgrowth response to salinity (Fig. 1) . At salinities higher than 10% ASW, the photoassimilation rate declined with an increase in external salinity. At 300% ASW, the photoassimilation rate of both ammonia-and nitrate-grown cells was less than 40% of its maximum value. When such cells at 300% ASW were subjected to further increases in the external salt concentration by allowing the culture to evaporate at 20°C in a growth chamber, the photoassimilation rate continued to decline with increases in external salinity, and photosynthesis ceased completely when the culture salinity exceeded 600% ASW (Fig. 3) . Figure 4 , a and b, shows that the imino acid proline is the major osmoregulatory organic solute in this alga. The proline concentration of the cells increased with an increase in external salinity, particularly at levels higher than 100% ASW. At 300% ASW, the proline concentration of both ammonia-and nitrategrown cells was in excess of 1500 mm on a cell-water basis. With ammonia as the N source, cells showed a small but consistent increase in the levels of amino acids, which was mostly due to an accumulation of aspartic acid, asparagine, glutamic acid, and alanine (Table III) . Soluble carbohydrates were also present in significant amounts both in ammonia-and nitrate-grown cells. However, their concentrations remained largely unchanged over the wide range of external salinity used in the experiment. Sucrose was present in detectable amounts only in cells grown with nitrate, and showed a small initial increase with increasing salinity, then a decline at salinities above 200% ASW (Fig. 4b,  inset) . Table IV confirmed that proline was by far the most important organic solute present in this alga at high salinities. Figure 5 shows the neutron activation analysis of the cell rapidly washed in isoosmotic solutions of sorbitol to which 1 to 3.5 mm of major ions were added to prevent a possible ion leakage from the cells (see "Discussion"). According to our knowledge of the extracellular volume of the cell pellets, the amounts of ions in the trapped washing solution ofthe cell pellet were quantitatively insignificant compared to the cell ion content; therefore, no correction of the cell ion content was considered necessary. The data in Figure 5 , however, include the cations associated with the cell wall, which, being outside the plasmamembrane, do not contribute to the osmotic potential of the cell. Therefore, to determine the intracellular cation content, measurements were made of the cations bound to the isolated cell wall, and a correction was made accordingly.
The concentrations of cations and chloride based on intracellular water content are shown in Table V . It is evident from these results that the alga possesses a marked capacity to take up and accumulate inorganic ions from the medium to make osmotic adjustments. However, in order to make a reasonable assessment of the osmotic contribution of the accumulated ions, it may be necessary to consider the ionic environment of the intracellular space. 21) . Consistent with this was our observation that permeabilized cells, when dialyzed to remove free ions, retained cations in amounts at least 2-fold greater than those found associated with the isolated cell wall, indicating cation-binding in the intracellular space. Such levels of intracellular bound cations in cells grown at various salinities were found to be similar, and an average bound content of 1.2 fmol cell-' monovalent cation and 0.54 fmol cell-' divalent cation was determined for these cells. Such cations bound to macromolecules are likely to be less active osmotically than the free ions; therefore, an osmotic coefficient of 0.9 for free ion (22), 0.8 for monovalent bound cations (4), and 0.2 for divalent bound cation (see 29) was assumed to estimate the cell inorganic osmolarity (Table V) . It is evident from these results that over the salinity range of 10 to 100% ASW, the accumulation of inorganic ions is the primary source of osmoregulatory solutes in this alga. At 200% ASW, however, the cells do not accumulate enough ions to account for the external salt concentration. The very small change in the cell water content exhibited by the alga over a wide range of external salinities indicates its exceptional capacity to osmoregulate. The accumulation of proline clearly plays an essential role in the osmoregulatory mechanisms of this alga. Cells grown at 300% ASW (2575 mosM) contained about 1600 mm proline. To our knowledge such a level of proline in growing cells with normal turgidity is the highest observed for any plant or microorganism species. However, even-with such exceptional capacity for proline accumulation, the alga does not appear to make exclusive use ofthis imino acid for osmotic adjustment. Our data show that cells grown at seawater osmolarity of up to 890 mosM (100% ASW) accumulated little proline (Fig. 4) . Furthermore, even at 300% ASW (2575 mosM), an accumulation of 1600 mm (1750 mosm according to Smith and Smith [26] ) proline, though large, equals only 68% of the external osmolarity. Other amino acids and soluble carbohydrates including sucrose were present in relatively small amounts and changed very little with increasing salinity. Consistent with this were the data obtained from uniform labeling of NaH'4C03 of the cells, which showed more than 90% of the organic carbon in the soluble fraction of the cell being confined to proline at high salinities. This clearly excludes a quantitatively important presence of other osmoregulatory organic solutes in these cells. It is, therefore, evident that organic solute accumulation can not be the sole osmoregulatory response in this alga.
From the results of our present studies, it is clear that C. autotrophica possesses a marked capacity to take up and accumulate ions from the external medium. This accumulation of ions appears to be almost suffilcient to counterbalance the external salt concentration in cells grown at salinity levels of up to 100% seawater. At higher salinities, however, the alga's capacity to accumulate ions was insufficient to effect the required osmotic adjustment, and rapid accumulation-of proline took place.
As the data for inorganic ion content of C. autotrophica presented in this paper differ significantly from the ion content reported for C. emersonii (24) and C. salina (19) , it may be pertinent here to evaluate the methodology used. One of the major reasons for the reports in literature showing the growth of microalgae at high salinities with biophysically impossible low levels of intracellular solutes appears to be the fact that, in general, prolonged washings in ion-free isoosmotic solutions of nonpenetrating sucrose and polyols have been used prior to the inorganic analysis of the cells. It has been shown previously that isoosmotic solutions of sucrose can induce plasmolysis ( 11) and leakage of ions from the algal cells (23) . Such a loss of ions can be prevented by an addition of some inorganic ions to the washing solutions (R. F. Davis, Rutgers University, personal communication). It was, therefore, decided to add small amounts of major ions to the isoosmotic solutions of sorbitol used for washing in our present studies (see "Materials and Methods"). As was pointed out earlier, there is no danger of a quantitatively significant contamination of the centrifuged cell pellet, if these ions in the washing solution are kept at a few mm concentration. Using this washing technique, we measured ion levels considerably higher than those reported previously for other species of Chlorella (19, 24) .
The question arises as to the metabolic compatibility of the intracellular levels of ions exhibited by C. autotrophica at high salinities. The alga is only slightly vacuolated, therefore, the cytoplasmic ion concentrations of these cells are not likely to be significantly different from the reported intracellular levels. In view of the documented sensitivity of the isolated enzymes to salt inhibition, Flowers et al. (9) postulated that an accumulation of ions in the cell cytoplasm in excess of 200 mm salt (400 mosm ions) would cause growth inhibition by disrupting the metabolic functions of the cell. No growth inhibition was found, however, in C. autotrophica at 50% ASW although the cells were found to have intracellular ion concentrations of 750 mm cation and 460 mm chloride. A similarly high monovalent cation concentration of 900 mM has been reported by Gimmler and Schirling (10) in normally growing cells of wall-less micro-alga Dunaliella parva. Unfortunately, a preoccupation of these workers with monovalent cations has limited the usefulness of their data, as the measurement ofchloride ion was ignored. It is becoming increasingly evident that the salt sensitivity of the enzymes is due to the inhibitory effects of chloride ion (9) . Our present study shows that the intracellular ionic environment is such that it allows inorganic anion to be presented at a level lower than that of inorganic cations. However, even with this 'restricted' presence, the concentration of chloride exhibited by cells at high salinities, including those growing optimally at 50% ASW, ranged between 460 and 510 mm, which is considerably higher than levels of salt found inhibitory to the activities of the enzymes in vitro. It appears, therefore, that the intact metabolic machinery of the alga may be more resistant to salt than the evidence obtained from the isolated enzymes would suggest. Glucose-6-P dehydrogenase, an enzyme involved in the oxidative pentose-P cycle of the chloroplast, when isolated from the leaves of Suaeda maritima was strongly inhibited by 167 mm NaCl (8) . The chloroplasts in the leaves of this angiosperm halophyte growing under optimum growth conditions may, however, have chloride concentrations of up to 210 mm (13) . These studies, therefore, point out the limits to which reliance can be placed on in vitro studies of enzymes to determine the salt tolerance ofhighly organized intact cytoplasmic machinery of plant cells.
In C. emersonii a severe growth inhibition at 200 mM NaCl was attributed by Setter and Greenway (25) to the presence of 100 to 120 mm proline in the cells under these conditions. These workers have argued that, if an amino acid is present in high concentration, the cell's normal pattern of protein synthesis can be disrupted by its erronously high incorporation into protein.
The results ofour present studies, however, show that the growth of C. autotrophica at 50% ASW with an intracellular proline level of 105 mm was normal. Furthermore, the alga was able to grow well even with internal proline concentration of 1600 mM. These results, therefore, appear to support the role of proline as a compatible cytoplasmic solute in plant cells (2, 3, 7, 9, 15, 27, 28) . In our present studies, the inhibition of growth in C. autotrophica at high salinities was found to be associated with a decline in the cells' apparent turgor pressure under these conditions.
